During the cell cycle each organelle has to be faithfully partitioned to the daughter cells. However, the mechanisms controlling organellar inheritance remain poorly understood. We studied the contribution of the cell cortex protein, Num1, to mitochondrial partitioning in yeast. Live-cell microscopy revealed that Num1 is required for attachment of mitochondria to the cell cortex and retention in mother cells. Electron tomography of anchoring sites revealed plasma membrane invaginations directly contacting the mitochondrial outer membrane. Expression of chimeric plasma membrane tethers rescued mitochondrial fission defects in Dnum1 and Dmdm36 mutants. These findings provide new insights into the coupling of mitochondrial dynamics, immobilization, and retention during inheritance.
Introduction
Each eukaryotic cell type has a characteristic architecture which is reflected by the size, shape, number and position of its organelles. Cellular architecture is established by the balanced assembly and disassembly of cellular structures, orchestrated organelle partitioning, directed motion of organelles on cytoskeletal tracks and activities of membrane-shaping proteins (Rafelski and Marshall, 2008; Shibata et al., 2009) . As most membrane-bound organelles cannot be generated de novo, they have to be inherited upon cell division, and cellular architecture has to be re-established in daughter cells. In many cases, organelle partitioning and inheritance are active and ordered processes, similar to the partitioning of chromosomes during mitosis (Warren and Wickner, 1996; Ouellet and Barral, 2012) . On the other hand, some cell organelles -such as mitochondriaare highly dynamic and constantly move, fuse and divide and thereby frequently change their size, shape and position in the cell (Bereiter-Hahn, 1990; Westermann, 2010) . Little is known about the molecular mechanisms that integrate membrane dynamics into cellular architecture.
Saccharomyces cerevisiae is a powerful model organism for studying the cellular mechanisms of organelle segregation and inheritance (Catlett and Weisman, 2000; Pruyne et al., 2004; Fagarasanu and Rachubinski, 2007) . Organelle inheritance depends on directed transport along actin cables towards the growing bud. At the same time, retention mechanisms must ensure that at least one copy of each organelle is kept in the mother cell. The mitochondrial content in buds is tightly controlled and correlates with the increase of bud size (Rafelski et al., 2012) . Anterograde mitochondrial transport along actin cables into the growing bud is mediated by a myosin motor, Myo2 (Altmann et al., 2008; Förtsch et al., 2011) . The mitochondrial outer membrane protein Mmr1 anchors mitochondria to bud-tip-localized ER and thereby impedes their transport back into the mother cell (Swayne et al., 2011) . Mmr1 is localized specifically to mitochondria in the bud (Itoh et al., 2004) and assembles into punctate structures connecting mitochondria and cortical ER (Swayne et al., 2011) . As mitochondrial content is decreased in buds of Dmmr1 mutant cells, Mmr1 is thought to be critical for faithful inheritance of the organelle to daughter cells (Swayne et al., 2011) . At the same time, a portion of the mitochondrial network is immobilized and retained in the mother during cell division (Yang et al., 1999) . However, the molecular components constituting the 'retention zone' in the mother remained unknown.
Num1 is a large, cell-cortex-associated protein that interacts with dynein and microtubules and facilitates migration of the nucleus from the mother cell to the emerging bud (Farkasovsky and Küntzel, 2001) . Surprisingly, Num1 was found to be also required for maintenance of mitochondrial distribution and morphology (Dimmer et al., 2002) . It genetically and physically interacts with the mitochondrial division protein Dnm1, and mitochondria of cells lacking Num1 have a severe defect of mitochondrial division (Cerveny et al., 2007) . Here, we asked how the dynamic behavior of yeast mitochondria is linked to immobilization at the cell cortex and partitioning. Our results assign to Num1 a key role in the coordination of this process.
Results

Antagonistic roles of Num1 and Mmr1 in mitochondrial distribution
Ddnm1Dnum1 double mutant cells incubated at high temperature frequently produce mother cells devoid of mitochondria pointing to a potential role of Num1 in retention of mitochondria in mother cells (Cerveny et al., 2007) . However, mitochondrial partitioning defects in Dnum1 single mutants were not reported, and the exact role of Num1 in mitochondrial division and inheritance remained unclear. To test whether Num1 is required for anchorage of mitochondria in the mother cell we observed yeast cells expressing mitochondria-targeted fluorescent proteins by time-resolved live-cell fluorescence microscopy. We found that some mitochondria are fixed at the cell pole opposite the bud in wild-type cells (Fig. 1A) . Several of these cell cortex attachment sites persisted for the entire observation time of 1 hour (supplementary material Movie 1). Similar retention sites were observed in Dmmr1 mother cells, but not in Dnum1 or Dnum1Dmmr1 strains ( Fig. 1A ; supplementary material Movies 2-4). These observations suggest that Num1, but not Mmr1, is required to attach mitochondria to the mother cell cortex.
We asked whether deletion of NUM1 results in the loss of retention sites and in consequence causes an accumulation of mitochondria in the bud. To analyze this we developed an assay to quantify mitochondrial abundance in mother cells and buds. Cells expressing mitochondria-targeted fluorescent proteins were analyzed by three-dimensional (3D) fluorescence microscopy.
The fluorescence signals in mother cells and buds were quantified in maximum intensity projections, and the cellular volumes were calculated from the cellular diameter, assuming that the cells have a spherical shape. The mitochondrial bud/ mother distribution was calculated from the mitochondria/volume ratios in the bud and mother cell. We observed that the relative mitochondrial content was shifted to buds in wild-type cells (Fig. 1B) . Accumulation of mitochondria in buds was slightly more pronounced in Dnum1, consistent with a role of Num1 in retention in the mother cell. In contrast, Dmmr1 cells showed a deprivation of mitochondria in the bud, consistent with a role of Mmr1 in retention in the bud. Strikingly, the mitochondrial distribution defect in Dmmr1 was partially relieved by additional deletion of NUM1 (Fig. 1B) , suggesting that Num1 and Mmr1 control mitochondrial distribution in an antagonistic manner. Tenfold serial dilutions were spotted on synthetic complete medium containing glucose (repression of the GAL promoter) or galactose (induction of the GAL promoter) and incubated at 30˚C. (D) Cells expressing Myo2-Fis1 from the GAL promoter were analyzed. The cell wall was stained with calcofluor (Hammermeister et al., 2010) to visualize bud scars and thereby identify mother cells. From left to right, DIC, mtGFP fluorescence, merged image of mtGFP (green) and calcofluor fluorescence (magenta). Arrows indicate short mitochondrial tubules in a mother cell lacking Num1. Budded cells containing partitioned mitochondria or mothers devoid of mitochondria were quantified. Values are mean percentages 6 standard deviations from three independent experiments with at least 100 cells per experiment. Scale bar: 5 mm.
These observations suggest that Num1 is critical for retention in the mother cell and its action is antagonized by Mmr1 in the bud.
Retention of mitochondria in mother cells by Num1
Myo2-Fis1 is a chimeric mitochondria-specific motor protein with the Myo2 cargo binding domain replaced by the transmembrane anchor of the mitochondrial outer membrane protein Fis1. Overexpression of this mitochondria-specific motor results in increased anterograde transport (Förtsch et al., 2011) and an about threefold enrichment of mitochondria in the bud, compared to wild-type cells ( Fig. 2A) . Wild-type cells overexpressing Myo2-Fis1 typically contain a massive accumulation of mitochondria in the bud and one or two long mitochondrial tubules extending into the mother. When such a tubule is separated from the rest of the mitochondrial network by a division event it remains fixed at the cell cortex and its free end moves randomly in the cytoplasm ( Fig. 2B ; supplementary material Movie 5). Apparently, cell cortex attachment sites retain mitochondria in the mother even when the balance of bidirectional transport is strongly biased to the anterograde direction.
It was not possible to overexpress Myo2-Fis1 from a constitutive promoter in Dnum1 strains, suggesting that this construct is toxic in the absence of Num1. Consistently, Myo2-Fis1 overexpression from the strong inducible GAL1 promoter produced a severe growth defect in Dnum1. This growth defect was much stronger than in wild type or mitochondrial fissiondefective Ddnm1 cells (Fig. 2C) . Strikingly, one third of Dnum1 mother cells were completely devoid of mitochondria under these conditions, and most of the remaining mother cells contained only very short mitochondrial tubules close to the mother bud neck (Fig. 2D) . These results suggest that retention of mitochondria by Num1 becomes essential for viability of the mother when the balance of anterograde and retrograde mitochondrial transport is shifted towards the bud.
Mitochondrial tips colocalize with Num1 in mother cells
We asked whether Num1 is attached to the tips of mitochondrial tubules extending into the mother cell. To test this, we analyzed wild-type and Myo2-Fis1-expressing cells by fluorescence microscopy in a genetic background containing a DsRed-tagged NUM1 allele at the chromosomal locus. Num1-DsRed is functional in these strains as the tagged allele is the sole copy of this gene and produces wild-type-like mitochondria (Cerveny et al., 2007) . We found that cortical Num1-DsRed punctae frequently colocalized with the tips of mitochondrial tubules in mother cells (Fig. 3A) . To determine whether the observed colocalization was statistically significant or simply coincidental, we quantified Num1 punctae in the vicinity of mitochondrial tips in a total number of 36 Myo2-Fis1-expressing cells. Intriguingly, most of the Num1 patches were found in a region of 6325 nm around the mitochondrial tip; 42 of 46 Num1 punctae were found within this region when the mitochondrion was oriented parallel to the cortex (Fig. 3B) , and 19 of 19 Num1 punctae were found within this region when the mitochondrion was oriented perpendicular to the cortex (Fig. 3C) . We propose that Num1 punctae represent mitochondrial cortex anchors in mother cells.
Mitochondria form direct contacts with the plasma membrane in the retention zone
The tips of mitochondrial tubules extending into the mother of Myo2-Fis1-expressing cells colocalized with Num1-DsRed (Fig. 3) . We reasoned that it should be possible to find these sites in electron tomograms. We observed that mitochondria in the retention zone of the mother cell were frequently located in the vicinity of electron dense material emanating from the plasma membrane (Fig. 4A-C) . In some cases, it could be clearly seen that the plasma membrane formed invaginations contacting the mitochondrial outer membrane. Similar mitochondrial plasma membrane contacts could be found in wild-type cells (Fig. 4D) suggesting that Myo2-Fis1 is not involved in the formation of plasma membrane invaginations. Plasma membrane invaginations are also present in Dnum1 cells (Fig. 4E ) suggesting that they are formed independently of Num1. However, we could not find mitochondria contacting these invaginations in the absence of Num1. We consider it likely that these structures represent mitochondrial cortex anchors. Thus, attachment of mitochondria in the mother appears to be established by contacts to the plasma membrane.
A chimeric plasma membrane tether rescues mitochondrial morphology defects in Dnum1 and Dmdm36 mutants Cells lacking Num1 have a severe mitochondrial division defect. Mitochondria form highly interconnected networks that are remarkably similar to aberrant mitochondria in Ddnm1 and other well characterized mitochondrial division mutants (Cerveny et al., 2007) . Mutants lacking the mitochondria-associated protein Mdm36 have an indiscernible phenotype (Hammermeister et al., 2010) , and Num1 and Mdm36 are thought to cooperate with Dnm1 in mitochondrial division and maintenance of mitochondrial morphology (Cerveny et al., 2007; Hammermeister et al., 2010) . To test whether mitochondrial morphology defects in Dnum1 and Dmdm36 mutants are caused by a defect in cell cortex attachment we generated two chimeric mitochondria-plasma membrane tethers. These consist of the N-terminal transmembrane anchor of the mitochondrial outer membrane protein Tom20, a GFP moiety, and a C-terminal pleckstrin homology (PH) domain. Tom20-GFP-PH(Num1) contains the Num1 PH domain, which is required for the cortical localization of Num1 (Tang et al., 2009 ). Tom20-GFP-PH(Opy1) contains the C-terminal PH domain of Opy1. Opy1 is involved in the regulation of phosphatidylinositol 4,5-bisphosphate synthesis (Ling et al., 2012) , and its function is not related to Num1. Consistent with an earlier report (Yu et al., 2004) we observed that fusion proteins consisting solely of GFP and the PH domains were targeted to the plasma membrane with some background staining in the nucleus and cytosol (Fig. 5A) . In contrast, both mitochondria-plasma membrane tethers formed punctate structures that colocalized with mitochondria ( Fig. 5A ) and resemble Num1 foci (compare Fig. 3A) . Strikingly, expression of chimeric plasma membrane tethers in Dnum1 or Dmdm36 cells efficiently converted the condensed, interconnected mitochondrial nets to wild-type-like mitochondria. Importantly, the tethers were unable to rescue the mitochondrial morphology defect in Ddnm1 cells (Fig. 5A,B) .
The scission of membranes by dynamin is facilitated by the generation of longitudinal tension, e.g. by molecular motors pulling the membrane along cytoskeletal tracks (Roux et al., 2006) . It has been hypothesized that Dnum1 cells are defective in mitochondrial division because anchorage of mitochondria by Num1 together with cytoskeleton-dependent forces is required to generate tension, which then facilitates severing of the membranes by Dnm1 (Schauss and McBride, 2007) . To test this hypothesis we induced fragmentation of mitochondria with sodium azide (Fekkes et al., 2000) in the absence or presence of mitochondrial cortex tethers. Strikingly, expression of mitochondrial cortex tethers restored azide-induced mitochondrial fragmentation in about 30% of Dnum1 and Dmdm36 cells, but not in Ddnm1 (Fig. 5C,D) . We conclude that mitochondrial fission defects in Dnum1 and Dmdm36 mutants are caused by a defect in cell cortex attachment.
Discussion
Our results assign to Num1 a key role in the attachment of mitochondria to the yeast cell cortex. In contrast to the situation in the bud, where Mmr1 anchors mitochondria to the cortical ER (Swayne et al., 2011) , mitochondria establish direct contacts to the plasma membrane in the mother. Num1 appears to be critical in this process as loss of Num1 leads to growth defects and mitochondrial depletion of mother cells when anterograde mitochondrial transport is forced by overexpression of Myo2-Fis1. Thus, Num1 activity is important for mitochondrial mother/ bud partitioning and inheritance. A mother-cell-specific role of Num1 is in accordance with the fact that Num1 is found almost exclusively in the mother compartment of cells carrying small buds, and Num1 patches in buds are formed rather late in the cell cycle (Farkasovsky and Küntzel, 1995; Heil-Chapdelaine et al., 2000) (see also Fig. 3A) . It was shown recently that mitochondrial ER contacts define the sites of fission (Friedman et al., 2011) . Our results add plasma membrane contacts as an important factor of mitochondrial dynamics. We show that mitochondrial fission defects in Dnum1 and Dmdm36 cells are caused by a lack of mitochondrial cell cortex attachment and can be fully rescued by expression of chimeric mitochondrial plasma membrane tethers. Hence, Num1 coordinates dynamic and static processes and thereby integrates mitochondrial dynamics into cellular architecture.
Num1 is a large, 313 kDa protein that contains an N-terminal coiled-coil domain, a possible EF-hand calcium binding site, a central repetitive part, and a C-terminal PH domain which binds phosphoinositide PI(4,5)P 2 with high affinity (Kormanec et al., 1991; Yu et al., 2004) . It was recently shown that mutants expressing truncated Num1 lacking the coiled coil region lose mitochondrial attachment to the cortex and contain abnormal mitochondria, similar to Dnum1. The truncated protein was still localized to the cortex in these cells; however, it adopted an abnormal localization pattern and was present in areas not associated with mitochondria (Tang et al., 2012; Lackner et al., 2013) . Mutants expressing truncated Num1 lacking the PH domain contained similarly abnormal mitochondria. In these cells the truncated protein retained its association with mitochondria, but was no longer associated with the cortex (Tang et al., 2009; Lackner et al., 2013) . Intriguingly, the N-terminal domain of Num1 exhibits structural und functional similarities to Bin/ Amphiphysin/Rvs (BAR) domains (Tang et al., 2012) . BAR domains are known sensors of membrane curvature (Peter et al., 2004) . Thus, it is tempting to speculate that the BAR-like domain of Num1 recognizes highly curved plasma membrane invaginations to define the sites of Num1 patch assembly, as proposed by Tang et al. (Tang et al., 2012) . Num1 proteins that are stably associated with the plasma membrane via their PH domains might then establish direct contacts to mitochondria at these sites by binding to yet unknown receptors on the mitochondrial surface.
It was recently suggested that the ER plays an active role in the formation of the Num1 mitochondrial tether, as ER-localized proteins co-purified with Num1, and the ER was found in the vicinity of Num1-mediated cortex attachment points observed by light microscopy (Lackner et al., 2013) . We could identify cortical ER in some of our tomograms (e.g. Fig. 4C ). However, we do not have evidence for direct contacts of the ER to mitochondria or the plasma membrane in the retention zone. Furthermore, Lackner et al. found that Mdm36 is involved in Num1 interaction with mitochondria, but additional factors are apparently required (Lackner et al., 2013) . Thus, elucidation of the exact role of the ER and the identification of mitochondrial proteins interacting with Num1 remain challenges for the future.
Our observations suggest that the integration of mitochondrial dynamics into cellular architecture is important for mitochondrial distribution and morphology in yeast. Also in higher eukaryotic cells, such as neurons, mitochondrial distribution depends on movement, immobilization, fusion and fission (Hollenbeck and Saxton, 2005; Cai and Sheng, 2009 ). It will be interesting to see in the future whether similar mechanisms coordinate mitochondrial docking and division in mammalian cells and yeast.
Materials and methods
Plasmids and cloning procedures
Standard procedures were used for cloning and amplification of plasmids (Green and Sambrook, 2012) . PCR was performed using Pfu or phusion polymerase (Fermentas, St. Leon-Rot, Germany) according to the manufacturer's instructions. Plasmids pYES-mtGFP (Westermann and Neupert, 2000) , pYX142-mtGFP (Westermann and Neupert, 2000) and pYX142-mtERFP (Scholz et al., 2012) were used for expression of mitochondria-targeted fluorescent proteins, mtGFP and mtERFP. For the generation of an outer membrane anchored GFP, plasmid pYES-TOM20(1-36)-GFP was constructed by PCR amplification of the region of the TOM20 gene encoding the first 36 amino acids of Tom20 by using genomic DNA as template and oligonucleotides 59-ATTTTAAAGCTTATGTCCCAGTCG-AACCCTATC-39 and 59-TATATAGGATCCACCGCTATTTCTTCTTTGATAG-TC-39 and replacing the HindIII BamHI fragment of pYES-mtGFP. For the generation of a synthetic cortex tether, plasmid pYES-PH(Num1) was constructed by PCR amplification of the region of the NUM1 gene encoding the C-terminal 187 amino acids of Num1 by using genomic DNA as template and oligonucleotides 59-ATATAAAAGCTTAGTGGAGAATTCAACGAACCAAGC-ATAATACCCG-39 and 59-TTATTACTCGAGCTATCGTAAATTGCCAAATG-ATCGG-39 and cloning into the HindIII and XhoI sites of vector pYES (Invitrogen, Darmstadt, Germany). Plasmid pYES-TOM20(1-36)-GFP-PH(Num1) was created by PCR-amplification of TOM20(1-36)-GFP using pYES-TOM20(1-36)-GFP as template and oligonucleotides 59-ATTTTAAAGCTTATGTCCCAGTCGAACC-CTATC-39 and 59-ATATTTGAATTCTTTGTATAGTTCATCCATGCC-39 and cloning into the HindIII and EcoRI sites of pYES-PH(Num1). Plasmid pYES-GFP-PH(Num1) was created by PCR amplification of GFP using pYES-mtGFP as template and oligonucleotides 59-TTATTTAAGCTTATGAGTAAAGGAGAA-GAACTTTTC-39 and 59-ATATTTGAATTCTTTGTATAGTTCATCCATGCC-39 and cloning into the HindIII and EcoRI sites of pYES-PH(Num1). Plasmids pYES-GFP-PH(Opy1) and pYES-TOM20(1-36)-GFP-PH(Opy1) were created by PCR amplification of the region of OPY1 encoding residues 209-324 of Opy1 using genomic DNA as template and oligonucleotides 59-AAATTTGAA-TTCGGTGGATCAGGCGATCCAAGAAATGCAGAGCACC-39 and 59-AAATT-TCTCGAGTTATATATTTTCGGCCTTTAATTT-39 and cloning into the EcoRI and XhoI sites of pYES-GFP-PH(Num1) and pYES-TOM20(1-36)-GFP-PH(Num1). For generation of a plasmid allowing inducible expression of Myo2-Fis1 the whole coding sequence of Myo2-Fis1 was amplified by PCR using pRS426-Myo2-Fis1 (Förtsch et al., 2011) as template and oligonucleotides 59-GGGGACAAGTTTGTA-CAAAAAAGCAGGCTCTAAAAAAATGTCTTTTGAAGTGGGTACACG-39 and 59-GGGGACCACTTTGTACAAGAAAGCTGGGTCTTACCTTCTCTTGTT-TCTTAAGAAG-39 and cloned into pAG426-Gal-ccdB (Alberti et al., 2007) using the Gateway cloning system (Invitrogen). The resulting plasmid was termed pAG426-Gal-Myo2-Fis1.
Yeast strain constructions
Standard procedures were used for manipulation of yeast (Sherman, 1991; Gietz et al., 1992) . Yeast deletion mutants were taken from the yeast deletion collection (Giaever et al., 2002) . Double deletion mutants were constructed by mating and tetrad dissection. All yeast strains were isogenic to BY4741, BY4742 and BY4743 (Brachmann et al., 1998) with the exception of strains expressing Num1-RFP (Cerveny et al., 2007) that were isogenic to FY833 (Winston et al., 1995) . Yeast strains used in this study are listed in supplementary material Table S1 .
Microscopy
Epifluorescence microscopy was performed using an Axioplan 2 or an Axiophot microscope (Carl Zeiss Lichtmikroskopie, Göttingen, Germany) equipped with an Evolution VF Mono Cooled monochrome camera (Intas, Göttingen, Germany) with Image ProPlus 5.0 and Scope Pro4.5 software (Media Cybernetics, Silver Spring, MD) or a Leica DCF360FX Camera with Leica LAF AF Version 2.2.1 Software (Leica Microsystems, Wetzlar, Germany), respectively. Localization of Num1 punctae at mitochondrial tips (Fig. 3 ) was performed using a Zeiss Axiophot microscope equipped with a Zeiss Plan-Neofluar 1006/1.30 NA oil objective and a Leica DCF360FX Camera (pixel size 6.4566.45 mm). For timeresolved live-cell microscopy, cells were trapped in a microfluidic chamber and constantly supplied with fresh medium using a CellASIC Onix Microfluidic Perfusion System (CellASIC Corp., Hayward, CA, USA) and ONIX Microfluidic Plates (Y04C Yeast Perfusion Plate, 3.5-5 mm). Cells were observed with a Leica DMI 6000 wide-field fluorescence microscope equipped with a Leica DFC360FX camera and Leica LAS AF Software Version 2.1.0. Image manipulations other than minor adjustments of brightness and contrast were not performed. Electron microscopy and tomography was performed as described (Hoppins et al., 2011) . 3D tomograms were hand-segmented using the IMOD software package (Kremer et al., 1996) .
